Introduction
Dendritic cells are professional APCs capable of stimulating a potent T cell response to alloantigen. Pro-inflammatory signals from innate immune pattern recognition receptors (PRRs) on donor DCs are thought to be key initiators of T cell responses [1] [2] [3] [4] . The PRRs, such as toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-like receptors (NLRs), have been recognized to be involved in some of the first, triggering, events leading to DC activation. TLRs have been extensively studied for their ability to mount an adaptive immune response, but less is known about the contribution of NLR family members, especially the inflammasome components in DC-induced allogeneic T cell responses [5] [6] [7] [8] .
Abstract
The NLRP3 inflammasome is a multimeric protein complex consisting of the sensor molecule NACHT, LRR and PYD domainscontaining protein 3 (NLRP3), the adaptor molecule Apoptosisassociated speck-like protein containing a caspase recruitment domain (ASC) and caspase-1. Molecules with conserved molecular motifs trigger the assembly of the inflammasome and lead to maturation of pro-inflammatory cytokines that induce a mature inflammatory response. Emerging data suggest that inflammasome activation in antigen presenting cells (APCs), such as dendritic cells (DCs), trigger their activation and ability to activate T cells. Our study asked whether blockade of the cytoplasmic NLRP3-inflammasome components NLRP3 and ASC interfered with alloantigen recognition and allograft rejection. We found that deletion of ASC significantly inhibited DC and T cell alloresponses, whereas deletion of NLRP3 had no effect. Despite the significant in vitro findings, there was no effect of the deletion of NLRP3 or ASC on allogeneic skin graft rejection across a stringent MHC barrier. The conclusion of this study is that while in vitro alloresponses were significantly inhibited by deletion of ASC, allograft rejection across a complete MHC mismatch was not prevented. The results suggest that the NLRP3-inflammasome coreceptor ASC plays a significant role by inhibiting allogeneic APC-induced T cell activation in vitro, independent of its inflammasome related effects.
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Inflammasomes are cytoplasmic multiprotein complexes that mediate crucial innate immune signals during cellular damage. Danger signals during cellular damage trigger the assembly of one of the best studied inflammasomes, the NLRP3-inflammasome, comprised of NACHT, LRR and PYD domains-containing protein 3 (NLRP3), apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and pro-caspase-1. The activated NLRP3 inflammasome induces cleavage of pro-IL-1β and pro-IL-18 to produce mature IL-1β and IL-18. It has also been shown that inflammasome activation in DCs induces an IL1b-dependent adaptive immune response against tumors [9] . Other reports suggest ASC promotes inflammasome independent activity in DC maturation and antigen presentation [10] . Our study extended these studies to investigate whether blockade of the NLRP3-inflammasome components NLRP3 or ASC impacted DC function, alloantigeninduced T cell proliferation responses and/or allograft rejection.
Methods

Mice
All mice used in these experiments were housed in the vivarium at UCSD and approved for use by the Institutional Animal Care and Use Committee of the UCSD Animal Research Center. All animals were handled according to the recommendations of the Humanities and Sciences and the standards of the Association for Assessment and Accreditation of Laboratory Animal Care. BALB/cBYJ and C57BL/6J (WT) were obtained from Jackson Laboratories, Bar Harbor MN. The NLRP3-and ASC-deficient mice were a gift of H. Hoffman (UCSD). Caspase 1-deficient mice were obtained from R. Ulevitch (The Scripps Research Institute). All mice used in these experiments were bred onto a C57BL/6 background by more than 10 generations.
Dendritic cell function and T cell proliferation
Dendritic cells were isolated from spleens of either WT, NLRP3-deficient or ASC-deficient mice by positive selection using a CD11c+ MACS separation kit (R & D Systems, Minneapolis, MN). This purification method yields 90% purity of DCs in our hands. There were no differences in purity of CD11c DCs between the WT, NLRP3-deficient or ASC-deficient mice (data not shown). To test for proliferation, isolated DCs were plated on round-bottomed 96-well tissue culture dishes (Corning Costar, Cambridge, MA) and stimulated with LPS (1 μg/mL) or Pam (1 ug/mL) (Enzo Life Sciences, Inc., Farmingdale, NY) for 3 days. Proliferation was detected on serial days by MTT uptake (Promega, Madison, WI). Stimulated cells were stained with anti-CD86, anti-CD80 and anti-MHCII antibodies (BD Biosciences, San Jose, CA) to detect markers of activation. To test for migration, stimulated DCs were seeded at a density of 2 × 10 5 cells/ well on a polycarbonate filter with 5 μm pore size in 24-well transwell chambers (Corning Costar, Cambridge, MA) in a total volume of 100 μL, incubated for 4 h at 37°C and detected by cell sorting using CellQuest software (Becton Dickinson, Franklin Lakes, NJ). The lower chambers contained 600 μL sterile 10K media alone (RPMI 1640 containing L-Glutamine (2 mM), FBS (10%), penicillin (100 U/ ml), streptomycin (100 ug/ml), 2-ME (0.05 mM), HEPES (10 mM) or supplemented with 250 ng/mL CCL21 (R&D Systems, Minneapolis, MN) to induce migration. T cell stimulation (from BALB/cByJ mice) by WT, NLRP3-deficient or ASC-deficient derived DCs was detected using a standard mixed lymphocyte response (MLR), using methods previously published [11] . Allogeneic T cells were isolated from pooled peripheral LNs (axillary, brachial and inguinal nodes) from 3 BALB/cByJ mice per group. All mice were age and sex matched.
Allogeneic skin graft transplantation
Recipient Balb/cByJ mice (H-2d), or WT (C57BL/6), NLRP3- 
by careful removal of the epidermis and dermis to the level of the panniculus carnosus, keeping the vascular bed undisrupted. Donor tail skin (from Balb/cByJ mice [H-2d], or WT, NLRP3-deficient or ASC-deficient mice (all H-2b)) was prepared by cutting the tail of a sacrificed donor mouse, incising circumferentially around the base of the tail and then down the dorsal surface and peeling off the donor skin. Equal-sized pieces were cut from the skin and kept in a wet sterile petri dish with PBS. The donor skin was then placed onto the vascular bed, leaving a margin of 1-2 mm on all sides. Syngeneic and allogeneic donor skin was placed into the same graft bed. The grafted skin was then covered with sterile, antibiotic (bacitracin)-impregnated Vaseline gauze, covered with a bandage and then wrapped in cloth tape. The grafts were left undisturbed for 7 days. On day 7 the bandages were removed and the grafts were photographed on a daily basis. Rejection was scored as 90% necrosis of the grafted tissue. Survival fractions were determined using the Kaplan-Meyer method. Comparison of survival curves and medial survival was performed using the log rank test provided by the Prism 4 software (GraphPad Software, La Jolla, CA).
Results
ASC exhibits inflammasome independent activities in antigen presenting cells (APCs)
Activation of the NLRP3 induced inflammasome in dendritic cells is known to activate adaptive T cell responses through a caspase-1 and IL-1b dependent pathway [9] . However, the role of the individual components of the inflammasome in a DCs ability to prime allogeneic T cells is not known. Therefore we asked whether the absence of either NLRP3 or ASC impacted the activation of DCs using an in vitro TLR2-and 4-induced DC activation model. We did not observe any differences in the proliferation of DCs ( Figure 1A and Figure 1B) , the expression of the activation markers MHCII, CD86 and CD80 (Figure 1D ), or in the secretion of proinflammatory cytokine IFN-g ( Figure 1C mL) ligands. Interestingly, Ippangunta et al. have shown that the inflammasome adaptor molecule ASC exhibits an inflammasome independent response in DCs through defective antigen presentation [10] . Therefore we hypothesized that absence of ASC in DCs might also induce defective alloantigen processing and presentation, thereby inhibiting an allogeneic T cell immune response. We investigated whether the WT, NLRP3-deficient and ASC-deficient (H-2b) DCs were able to induce proliferation of allogeneic Balb/cByJ (H-2d) T cells in a mixed lymphocyte reaction. We examined whether WT, NLRP3-deficient and ASC-deficient (H2b) T cells displayed defective proliferation in response to allogeneic Balb/cByJ (H2d) APCs in a reverse MLR. The results indicate that only the ASC deficiency in DCs significantly prevented them from stimulating T cell proliferation ( Figure 1F ). It was also observed that a deficiency in ASC, in T lymphocytes, rendered them inactive to antigen presentation from allogeneic APCs ( Figure 1E ). DC migration is a key step in the in vivo induction of an inflammatory response to transplanted tissue, so we also compared chemokine-induced migration between DCs from WT, NLRP3-deficient and ASC-deficient mice. Figure 1G shows that ASC-deficient DCs exhibit defective migration in response to the chemoattractant CCL21, suggesting a NLRP3-inflammasome independent activity for ASC in DCs.
Allogeneic skin grafts lacking both NLRP3 and ASC are not protected from rejection
Donor APCs play an important role in vivo by initiating host responses to transplanted solid organ allografts. Following skin transplantation, sentinel DCs that reside in the transplanted donor tissue are activated, leading to their subsequent migration to host draining lymph nodes where host T cells are activated [12] . Blockade of DC migration from the transplanted skin can prevent rejection of transplanted allografts in experimental models [13, 14] . Since the absence of ASC affected the ability of DCs to effectively stimulate allogeneic T cells in vitro and to migrate in response to chemokine, we next asked whether the absence of ASC or NLRP3 proteins in donor DCs (donor skin from ASC-deficient and NLRP3-deficient mice) would impact the rejection of skin grafts on allogeneic hosts. As shown in figures 2B and Figure 2D , the absence of ASC or NLRP3 in the donor skin did not affect the kinetics of skin graft rejection ( Figure  2D) . A representative picture of the skin grafts taken on day 13 is shown in figure 2B , with a syngeneic control graft shown on the right of the allogeneic grafts on the same recipient. Shown in figure 2A and figure 2C , the absence of ASC or NLRP3 in the recipient had no effect on the rate of allogeneic skin graft rejection, suggesting that indirect antigen presentation also was not impacted by ASC deficiency.
Discussion
Inflammasome activation in DCs has been shown to induce T cell priming both in vitro and in vivo, and therefore we hypothesized that the NLRP3 inflammasome might play an important role in adaptive immune responses to alloantigen. This study investigated the role of NLRP3 and its adaptor molecule ASC in DC activation and alloantigen presentation and asked whether defects in either inflammasome component impacted in vitro and in vivo alloresponses.
Our first studies asked whether the absence of NLRP3 or ASC modified DC activation and function. We found that the absence of either protein had no impact on TLR2-and TLR4-induced DC proliferation, or expression of activation markers; suggesting that NLRP3 and ASC were not critical components for DC activation in our model.
Several studies have shown the importance of the NLRP3 inflammasome in DC responses to alloantigen. The absence of NLRP3 protects from graft versus host disease (GVHD) after allogeneic stem cell transplants [15] and activation of the NLRP3 inflammasome has been associated with a DC induced anti-T cell response tumor responses [9] , and the absence of ASC inhibits T cell priming and protects from collagen induced arthritis, an effect which appears to be independent of the NLRP3-inflammasome [16] . Interestingly, our study showed that a deficiency in NLRP3 in DCs had no impact on allogeneic T cell proliferative responses, whereas in contrast the absence of ASC in DCs was associated with a significant decrease in activation of allogeneic T cells. We also found that the absence of ASC had a significant impact on chemokine-induced DC migration. NLRP3 deficient DCs exhibited no difference in their migratory ability from WT DCs. Thus we identified that ASC has an NLRP3-inflammasome independent function in DCs, and plays a key role in DC migration and priming of allogeneic T cells.
Others have reported that NLRP3 exerts an inflammasome independent transcriptional response in CD4+ T cells, whereas ASC fails to show similar activity in T cells [17] . Focusing on the role of these components in T cells, we also found that there was discordance between the NLRP3 inflammasome components. T cells deficient in ASC have significantly impaired proliferative responses to alloantigen, whereas a T cell deficiency in NLRP3 has no impact on alloantigen-induced T cell proliferation.
Rejection of donor skin grafts involves migration of "passenger donor dendritic cells" from the transplanted graft to host lymph nodes, where activation of naïve host T lymphocytes initiates the cascade of graft rejection [18] . Since we noted that the absence of ASC in both DCs and T cells impacted in vitro alloresponses, we next tested in vivo alloresponses using a skin graft model across a stringent MHC barrier (H-2b to H-2d). Donor skin deficient in NLRP3 and ASC versus skin from WT mice (all H2-b) was transplanted onto allogeneic hosts (H2-d). Interestingly, even though blockade of ASC significantly impacted T cell alloreactivity in vitro, there was no effect noted in vitro as measured by the rejection of the ASC-deficient skin grafts. Furthermore, there were no differences in rejection kinetics noted when the reverse transplants were performed -the skin from BALB/c mice (H-2d) transplanted onto NLRP3-deficient or ASCdeficient hosts showed the same rejection kinetics as donor WT skin from C57BL/6 mice. Our data demonstrate that the absence of ASC confers an NLRP3-independent defect on DC activation, migration and allopresentation; and T cells deficient in ASC also have significant proliferative defects. Interestingly, in vivo alloresponses were not affected by the deficiency in ASC, suggesting that additional investigations need to be tested across a less stringent allogeneic barrier. These studies are currently ongoing in our laboratory, as well as studies to better understand how ASC impacts DC and T cell responses to alloantigen.
